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Abstract—A model-based systems engineering (MBSE) 
approach was applied to architecting an orbiting sample 
Capture and Orient Module (COM) system concept for a 
Capture, Contain, and Return System (CCRS) payload 
concept for the notional Mars Sample Return (MSR) campaign 
at the NASA Jet Propulsion Laboratory. An architecture 
framework was established, covering multiple organizational 
layers of the system, along with structural, behavioral, data, 
and requirements perspectives. A workflow process to 
implement the architecting activities within the COM 
engineering team was established. The approach helped 
maintain consistency in terminology, helped ensure alignment 
of structural, behavioral, data, and requirements elements 
within each organization layer, and guided the engineering 
team through an architecting process that helped develop the 
architecture for a Capture and Orient Module system concept. 
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Figure 1. Notional MSR architecture. Note that all elements beyond Mars 2020 are conceptual [1] (Credit: O. Rehman). 
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1. INTRODUCTION 
On August 5, 2012, NASA’s 900 kg Mars Science 
Laboratory Curiosity rover successfully landed on the 
surface of Mars and set out to search for evidence of past 
habitable environments [2] [3]. The Curiosity rover pushed 
the boundaries of technology and systems engineering, 
consisting of approximately 50,000 parts, involving nearly 
3,000 NASA employees and 4,000 non-government 
workers, and was considered the most complex rover of its 
time ever sent to another planet [2] [4] [5]. 

Despite the technical and scientific achievements of the 
rover, the project experienced numerous development 
challenges, and in the end, saw an increase in over $881 
million in costs from its original 2008 project baseline, as 
well as a 26-month launch delay due to design and technical 
problems that necessitated late design changes in hardware, 
avionics, and software [6]. A metric for design changes used 
by NASA is “drawing growth” after the Critical Design 
Review (CDR), with which MSL saw a 147% growth [7]. 
Some of these late design changes were attributed to the 
discovery of divergent requirements discovered late during 
the testing phase. These divergent requirements were found 
to be a consequence of not having an architecture to pull 
together and manage in a cohesive manner the complex web 
of documentation of system and subsystem functional 
requirements, environmental requirements, interface control 
documents, institutional policy documents, and planetary 
protection requirements [8]. 

In summer of 2020, NASA is planning to launch its next 
rover to Mars, Mars 2020, with the goal to search for 
evidence of past life on Mars, as well as collect a set of 
samples for potential return to Earth [9] [10]. Mars 2020 
reuses roughly 85% of the engineering design of MSL, but 
will carry new hardware and instruments for sample 
collection, and to search for biosignatures [11] [12]. Mars 
2020 is currently facing similar technical problems and 
design challenges as MSL did, also requiring design 
changes and resulting in cost growth and schedule delays 
[13]. For both of these robotic space system project 
examples, late design changes were a major factor in cost 
growth and schedule delays. In fact, NASA has observed 
that major projects that have rebaselined cost and schedule 
tended to have experienced more of these late design 
changes [14].  

In general, space missions are considered high-risk systems 
and more prone to accidents due to their tightly coupled 
systems and need to manage complex interactions [15]. Due 
to the multidisciplinary nature of space missions, the 
complexity of the problem extends to complexity in 
requirements, design, flight software development, testing, 
and operations, which has been correlated to higher 
spacecraft cost and lower rates of mission success [15]. 
Robotic spacecraft systems, in particular, are becoming 
increasingly more complex, and hardware capability and 
software complexity is expected to continue to grow [16]. 
Using lines of code are one indicator of complexity, history 

shows an exponential growth trend in flight software 
complexity for robotic missions [15]. If this trend in 
complexity growth continues, higher spacecraft costs and 
mission success risk for future robotic space missions can 
also be expected to grow. 

NASA’s Jet Propulsion Laboratory (JPL) stated through its 
2018 Strategic Implementation Plan that it will “pursue our 
long-term scientific Quests with a diverse and bold portfolio 
of missions as we push the limits of space exploration 
technology by developing and fielding ever more capable 
autonomous robotic systems” [17]. A potential set of future 
missions under study by NASA and ESA that would push 
these limits are proposed for the Mars Sample Return 
(MSR) campaign (see Fig. 1). The current notional MSR 
campaign architecture consists of two follow-up missions to 
Mars 2020, consisting of a Sample Return Lander (SRL) 
mission, and an Earth Return Orbiter (ERO) mission. SRL 
would land on Mars with a fetch rover to retrieve the Mars 
2020 samples and place them into Mars orbit within an 
Orbiting Sample (OS) container. ERO would robotically 
capture the OS and return it to Earth within an Earth Entry 
Vehicle (EEV) with a Capture, Contain, and Return System 
(CCRS) [18] [19] [20]. If NASA and JPL are to succeed in 
future robotic space missions like those associated with 
Mars Sample Return, management of the growth in 
complexity associated with these future missions will be 
critical in order to control costs, maintain schedule, and 
ensure mission success.  

Model-based Systems Engineering (MBSE) provides 
techniques to aid in the development of these types of 
complex systems by aiming to reduce both design errors and 
rework, as well as improving system quality and project 
performance over traditional systems engineering 
techniques [21] [22]. MBSE seeks to improve on the state of 
the art in systems engineering through enhancing 
communications to aid in system presentation and 
understanding, reducing development risk through enabling 
ongoing requirements V&V and more accurate cost 
estimation, improving system quality in terms of 
requirements and requirements traceability, increasing 
productivity with systems engineering activities, and 
enhancing knowledge transfer through more effective 
capturing of domain knowledge in a standardized form [23]. 
Additionally, MBSE places a great focus on systems 
engineering activities at the earlier stages of the project life 
cycle, which aim to reduce the risk of the accruing 
magnified costs associated with dealing with defects 
detected later in the project life cycle that could trigger 
design changes. The aerospace industry in particular has 
high potential for overall project cost reductions by moving 
from traditional systems engineering to MBSE-based on the 
industry’s tendency to possess projects with high system 
complexity, high environment complexity, and long 
lifespans, where these benefits would be more evident and 
enhanced relative to other industries [24]. Within the 
aerospace industry, robotic space systems feature close 
integration of large numbers of subsystems with highly 
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integrated, complex, and intelligent structural and 
behavioral autonomous elements from multiple domains 
such as mechanical, electrical, control, and software [25] 
[26]. A MBSE approach can help engineers deal with the 
complexity of these robotic systems, as well as perform the 
thorough analysis at the foundational systems level 
necessary to realize these systems [25] [26]. 

Despite the proposed benefits of MBSE, its practice has yet 
to be widely adopted [27]. Some causes for low MBSE 
adoption include: technical issues, cultural issues, and 
economic barriers [28]. Additional challenges described by 
practitioners from experience applying MBSE on recent JPL 
flight projects include burdens associated with simultaneous 
introduction of a new MBSE approach, tool development, 
and processes, as well as negative impacts of project work 
due to immature tools and lack of understanding of user 
workflow [29]. The SysML language, which is often used 
within an MBSE approach, also has not gained widespread 
adoption of popularity in robotics, though research has 
presented SysML as a viable framework in which to model 
robotic systems [30]. There currently is a lack of substantial 
and compelling evidence in the literature to promote broad 
adoption of MBSE for robotic space systems. Robotic space 
systems have much to benefit from an MBSE approach due 
to their intrinsic complexity, particularly if implemented 
during the early phases of the project such as system 
architecting. 

The purpose of this research is to investigate the benefits of 
MBSE for architecting robotic space systems. The notional 
MSR campaign’s ERO mission concept CCRS Capture and 
Orient Module (COM) system is used as a case study to 
demonstrate these benefits.  

2. BACKGROUND 
The Capture and Orient Module (COM), shown Fig. 2, 
performs the initial operations of the Capture, Contain, and 
Return Systems (CCRS). The functions of the COM are to 
capture, constrain, orient, inspect, and assemble the Orbiting 
Sample (OS) into the Primary Containment Vessel (PCV) in 
preparation for sealing and installation into the Earth Entry 
Vehicle (EEV). The EEV would eventually deliver the OS 
back to Earth. Various architectures for OS capture systems 
have been studied and proposed over the past 20 years [31] 
[32] [33] [34] [35]. The current concept for the COM is 
shown in Fig. 3. The COM consists of the following 
functional elements: 

• Capture Mechanism to contain any unsterilized 
Martian dust arriving with the OS on its surface 

• Sensor System to trigger closure the Capture 
Mechanism and Transfer Mechanism during OS 
capture and inspect the surface of the OS 

• Capture Cone to catch and contain the OS 

• Orientation Mechanism to constrain and orient the 
OS 

• Transfer Mechanism to cage the OS, transfer the 
OS through the COM subsystems, assemble the OS 
into the PCV, and maintain preload on the PCV 
Lid during sealing 

• COM Infrastructure to integrate the COM elements 
on the Capture and Containment Module (CCM) 

 
Figure 2. Notional Capture, Contain, and Return System 
concept [1]. 

 
Figure 3. Notional Capture and Orient Module concept 
[1]. 

The ERO mission is a robotic mission, it would be operated 
from a mission control center on Earth. The primary COM 
operations take place in Mars orbit.  Certain operations of 
the COM, such as OS capture, rely on event-driven 
sequences that are impossible or impractical to initiate from 
mission control due to the communication delay that occurs 
with data transmission between Earth and Mars. Therefore, 
a level of autonomy would be required for the COM to 
achieve its goals while operating independent of ground 
control. This autonomy can be in the form of pre-planned 
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sets of instructions transmitted to the spacecraft and 
executed by the CCRS Command and Data Handling 
(C&DH) system [36]. 

Architecture Scope 

The type of architecture considered for the Capture and 
Orient Module is that of a robotic system architecture, as it 
relies on integrated mechanical, electrical, and software 
systems to perform its operations with a level of autonomy. 
The Capture and Orient Module architecture was classified 
along four architecture taxonomic dimensions defined in 
[37]: 

• Abstraction: Progression of the architecture from 
more abstract to more concrete, ranging from the 
system context to the physical implementation 

• Organization: Level of decomposition of the 
architecture, ranging from an enterprise or system-
of-systems down to its individual components 

• Categorization: Architectural categories that may 
possess unique system characteristics, follow 
particular business processes, serve specific 
operational uses, or meet particular stakeholder 
requirements 

• Time: Period in the system life cycle during which 
the architecture is defined and has particular rules 
associated with its architectural evolution 

The architecture space for three of the architecture 
taxonomic dimensions that was used to classify the COM 
architecture is shown in Fig. 4. The axis of organization 
spans from the top-level Mars Sample Return Campaign, 
within which the system participates, down to the individual 
system components. The axis of categories were defined as 
key functional domains relevant to the CCRS project and 
key to its architecture. The COM architecture scope 
addresses the module level down to its components, spans 
through operational to physical definition, and covers 
robotics, mechanical, electrical, thermal, flight software, 
contamination control, and planetary protection functional 
domains. 

 

 

 
Figure 4. Capture and Orient Module architecture 
classification shown in green along the axes of 
abstraction, organization, and categorization based on 
the architecture taxonomy described [37]. 

The COM architecture time dimension was defined by the 
seven phases of the NASA Project Life-Cycle (see Fig. 5). 
The architecture for an initial, feasible concept of the COM 
takes place during Pre-Phase A. In Pre-Phase A, the project 
looks at a range of ideas and alternative architectures, 
determines the feasibility of the desired system, and 
develops candidate system concepts [38]. 

 
Figure 5. Capture and Orient Module architecture phase 
boxed in green within the NASA Project Life-Cycle 
based on NASA Procedural Requirements NPR 7123.1B 
[39]. 

3. ARCHITECTING APPROACH 
One of the challenges observed with introducing MBSE into 
a flight project at JPL was the difficulty encountered by 
team members to simultaneously learn new approaches, 
tools, and processes associated with the practice while still 
carrying out their daily engineering activities [29]. Because 
the MBSE architecting approach developed for the COM 
was new to the engineering team, overwhelming the team 
with simultaneous introduction of new architecting 
processes, tools, and a modeling languages was a legitimate 
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concern. To address this concern, the architecting approach 
developed separated out the framework to capture the 
information content for the system architecture, process to 
develop the architecture, and method to implement the 
architecture process. This allows the opportunity for aspects 
of the architecture approach to be incrementally introduced 
and gradually infused into a team workflow. In particular, 
isolating the method from the framework and process allows 
for flexibility to choose to implement the process with either 
MBSE or non-MBSE (e.g., document-centric engineering, 
domain-specific design engineering) methods, using 
specialized tools (e.g., Cameo, Excel, PowerPoint, CAD), 
and communicated with a preferred language (e.g., SysML, 
natural language). 

Framework 

A framework was developed to capture the architecture 
information content, guide the architecting process, provide 
views of the system from different perspectives, and arrange 
the architecture information in a manner that complements 
MBSE methods (see Fig. 6). The framework was derived 
from frameworks defined in the MBSAP and MagicGrid 
approaches described in [37] and [40]. A table format, 
similar to that used by MagicGrid, was adopted due to its 
visual representation, which aides in communicating, 
understanding, and tracking the architecture process. The 
axis of organization from the system architecture taxonomy 
shown in Fig. 6 was chosen for the vertical axis of the table. 
The structure, data, behaviour, and requirements 
perspectives from the MBSAP approach were chosen for the 
horizontal axis of the table. 

 
Figure 6. Architecture framework used for developing 
the COM architecture. 

Process 

The architecting process for developing the COM 
architecture is shown in Fig. 7. It follows the general flow of 
developing an Operational Viewpoint, Logical/Functional 
Viewpoint, and Physical Viewpoint described in [37], as 
well as the NASA System Design Process described in [38]. 
Note that even though the processes are shown to proceed in 
order from 1 through 16, the structure, data, and behavioral 
aspects for the process are tightly coupled, and their 
development can evolve together at each organizational 
level. 

 
Figure 7. Architecting process implemented to develop 
the COM architecture, with mapping of the MBSAP 
Phases and NASA System Design Processes, and 
numbered by order of operation. 

Method 

An MBSE method was used for the module, subsystem, and 
assembly levels of the architecture, while non-MBSE 
methods were used for the component level (see Fig. 8). For 
the MBSE method, Cameo Systems Modeler was chosen as 
the architecting software tool, and SysML was chosen as the 
architecting language. Cameo was chosen due to its 
institutional support at JPL, flexibility with processes and 
viewpoints, availability of  technical support and 
documentation, strict enforcement of OMG SysML syntax 
and semantics, and simulation capability. SysML was 
chosen due to the availability of documentation, wide model 
coverage of systems engineering concepts, visual 
representation, and familiarity within the systems 
engineering community. The MBSAP method was applied 
for modelling the system structure, data, behaviour, and 
requirements in SysML within Cameo Systems Modeler. 

 
Figure 8. Mapping of MBSE and non-MBSE methods 
used within the COM architecture framework. 

At the component level, Computer Aided Drafting (CAD) 
tools, Excel, and PowerPoint were used due to their 
familiarity within the broader engineering team, domain-
specific design features, and effectiveness in capturing and 
communicating more detailed numerical, textual, and 
graphic design information.  
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Scope of Architecting Activity 

It was necessary to scope the architecting efforts performed 
by the COM engineering team to fit within the available 
project resource constraints (i.e. workforce availability, 
schedule), to enable full completion of the architecting 
process in order to converge upon at least one full system 
concept, and operate in an early project environment where 
many system elements are still ill-defined. Therefore, the 
architecting activity was limited to: 

• Single architecture for a candidate system concept 
(trades and alternatives at subsystem levels were 
still captured, and effort was made to develop an 
architecture that could be flexible and compatible 
with alternative technologies) 

• Primarily the hardware aspects of the robotic 
system (defining the software and avionics aspects 
of the architecture are planned for future work) 

• Interaction (type B) scenarios that focus primarily 
on the direct interactions between the system of 
interest and the actors and external systems within 
the system context for the top-level COM scenarios 
[41] 

• Main scenarios that focus on the most common 
sequence of interactions for completing the 
required operations (development of alternative, 
exception, and fault scenarios is planned for future 
work) 

• Primary portion of the COM scenario that starts 
from OS capture and ends with OS assembly into 
the PCV (development of commissioning, 
decommissioning, and secondary activities  is 
planned for future work) 

4. SYSTEM MODEL 
Model Organization 

The presentation of the information captured within the 
SysML COM model should be unproblematic to navigate in 
order to allow for maximum productivity when updating, 
referencing, and studying the COM model. The organization 
of the COM model is captured within a containment tree in 
SysML (see Fig. 9). The containment tree depicts the 
system organization as it breaks down to individual 
diagrams, tables, blocks, requirements, and behaviors.  The 
system model framework outlined by MagicGrid focuses on 
four basic perspectives: requirements, behaviour, structure, 
and parametrics. Based on the scope of work the COM 
system requires at this stage of research and development, 
the basic organization of the SysML model was modified to 
better capture the information that is critical to the 
engineering team. 

 

Figure 9. Model containment tree with Cameo Systems 
Modeler showing model organization. 

The CCRS COM model element contains all of the content 
packages. Within each of these packages, they are further 
organized into diagrams and sub-packages (see Fig. 10). 
The packages reflect the MagicGrid pillars, as well as 
content heavily studied by the engineering team:  

• Requirements package contains all requirement 
diagrams (hierarchy, structure decomposition) as 
well as the requirements table. Requirements are 
captured at every level of the model.  

• Use Cases package is not currently utilized, but in 
future will contain use case diagrams that will 
capture data and power profiles for various mission 
scenarios. 

• Structure package contains a high-level block 
definition diagram (BDD) of the COM system. The 
overall BDD contains blocks that describe 
subsystems. Each block captures an internal block 
diagram (IBD) that captures and describes the inner 
workings of the subsystem. 

• Behavior package contains the activity diagrams 
for each high-level COM objective, as well as the 
lower-level activity diagrams. 

• Data package currently contains a block diagram of 
the data package breakdown. This describes the 
various types of data the system will use or 
generate. 

• Glossary package houses all of the various 
acronyms the team uses to abbreviate the system 

• COMProfile package houses all of the system 
stereotypes, signals, as well as a package diagram 
that describes the system as a whole 
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Figure 10. Requirements Package breakdown with sub-
packages and diagrams. 
 

Model Overview 

It is necessary to construct a diagram within SysML that 
will provide the engineering team with an overview of the 
modelling work within the MBSE software. One of the 
many useful aspects of MBSE is the ability to display 
system information in different ways than other modelling 
methods. SysML provides the engineering team with the 
ability to trace specific relationships between the various 
modelled components and the overall system. The COM 
model overview diagram displays the different perspectives 
(structure, behaviour, requirements, data) for each of the 
organizational levels modelled (see Fig. 11).  

One of the primary goals of the COM system is to position 
the OS into an acceptable orientation for return to Earth. To 
accomplish this, an Orientation Mechanism is located at the 
base of the COM. The OS must travel from the COM entry 

point (located on the capture plane) to the Orientation 
Mechanism on the opposite end of the COM. A Transfer 
Mechanism is tasked with guiding the OS from entry to the 
Orientation Mechanism (see Fig. 12). One of the key 
components of the Transfer Mechanism subsystem is the 
Paddle Mechanism. The Paddle is attached to one side of the 
Transfer Mechanism. The diameter of the COM volume 
changes with respect to the central axis. Therefore, the 
paddle must change its diameter to avoid the OS jamming or 
getting pinned along the sides of the COM volume. 

 

Figure 12. COM architecture concept definitions. 

 If the COM engineering team wanted to take a look at the 
various perspectives the Paddle is involved in, the model 
overview diagram is the place to start. The Paddle is 
integrated into every aspect of the model, as it plays a role 
in several key operational steps. The Paddle Mechanism is a 
part of the structural, behavioural, data, and requirements 
perspective.  

 
Figure 11. Full Capture and Orient Module model view. 
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Starting in the structure perspective’s block definition 
diagram (BDD), the Paddle is listed as a part of the Transfer 
Mechanism subsystem (see Fig. 13).  

 

Figure 13. BDD of COM System broken down by 
Transfer Mechanism Subsystem.  

This BDD then breaks down into several internal block 
diagrams (IBDs) for each subsystem listed. The IBD of the 
Transfer Mechanism shows: interactions between the Paddle 
and various other parts of the Transfer Mechanism, data 
flow, and power flow (see Fig. 14).  

The IBD is exceedingly useful to the engineering team when 
defining various interface requirements as it visually 
documents all of the subsystem parts in one place, and 
clearly shows the flow of information. IBDs also help to 
show the flow of data and power between components. 
During the design phase of the Paddle, various space, 
repeatability, and reliability constraints provoked the 
engineering design team to switch from a passive paddle to 
an actively controlled paddle. Once an actuator was added 
to the Paddle Mechanism design, it was crucial to capture 
the various data and power items entailed. Since the Paddle 
would be operating in a space environment, the motor needs 
to remain at an operational temperature, thus heat must be 
provided from the COM system to the Paddle Actuator to 
keep it functional. The COM system needs to be cognizant 
of the position of the Paddle at any given time during 
capture and orientation operations, therefore encoder and 
limit switch data must be shared with the system.  

Once the various data types that are generated and used by 
the system are determined, they can be organized 
categorically into a data hierarchy diagram. This hierarchy 
(see Fig. 15) is also placed on the overall model diagram, so 

 
 

Figure 14. Transfer Mechanism IBD. 
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that it may be easily referenced by the COM engineering 
team.  

During capture operations, the Paddle’s goal is to constrain 
the OS as soon as it is detected within the COM. The 
Transfer Mechanism would rotate from its stowed position 
into the COM central axis where the Paddle would expand 
to act as redundancy for the Capture Mechanism Lid. 
Activity diagrams, such as Fig. 16, are used to capture the 
Paddle’s behaviour.   

 

Figure 16. Activity diagram of OS Capture. 

Activity diagrams show the flow of operations that take 
place within a system. In these diagrams, each swimlane 
designates a system or subsystem in which the activities are 
taking place. The Paddle is active during numerous sections 
of the COM operations, therefore activity diagrams such as 
Fig. 16 are extremely useful in communicating the 
complexity of the operational flow. 

Furthermore, system requirements that pertain to the Paddle 
Mechanism can be located on the requirements block 

diagram within the overall systems model. These 
requirements are easily traced to the Paddle Mechanism, and 
can be referenced during COM engineering team meetings. 
As requirements change or are updated, the model acts as a 
resource that the COM engineering team members can use 
as a reference while working. Requirements can be 
presented in many diagrams and tables, however a 
hierarchal diagram clearly shows the parent/child 
relationships between requirements. Fig. 17 shows the 
breakdown from COM system requirements, to Transfer 
Mechanism subsystem requirements, finally to the Paddle 
component requirements.  

 

Figure 17. Caging requirement breakdown, including 
Transfer and Paddle Mechanism requirements. 

5. DISCUSSION 
MBSE is a powerful method of system and project design 
that encourages thoughtful communication and insightful 
thinking amongst engineering teams.  When implemented 
properly, MBSE tools such as SysML can produce models 
that become the central source of information that engineers 

 
 

Figure 15. Hierarchy Diagram of Data Types collected by the COM system and subsystems. 
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within a team can look to and find the information most 
pertinent to them and their components. When the model 
becomes the only source engineers need to turn to when 
they have a question regarding the system, efficiency within 
the team is improved. Productivity is increased when instead 
of looking for information that one person has on one 
document on their computer, the engineer can simply open 
the system model and find whatever information they are in 
need of.  

The model also has the potential to be an excellent trigger of 
thoughtful conversations and discussions regarding the 
system design, as complex designs and ideas can be neatly 
presented to the whole engineering team. MBSE provokes 
engineers to think about interfaces early on in the design 
process, which increases the conversation between people 
working on different subsystems and components.  

6. CONCLUSION AND FUTURE WORK 
A model-based systems engineering (MBSE) approach was 
applied to architecting an orbiting sample Capture and 
Orient Module (COM) system concept for a Capture, 
Contain, and Return System (CCRS) payload concept for 
potential Mars Sample Return (MSR) at the NASA Jet 
Propulsion Laboratory. An architecture framework was 
established, covering multiple organizational layers of the 
system, along with structural, behavioral, data, and 
requirements perspectives. A workflow process to 
implement the architecting activities within the COM 
engineering team was developed.  

Future development of the COM system model will include 
the implementation of use case diagrams to construct power 
and data profiles for various mission scenarios. Use case 
diagrams will also help the COM engineering team to better 
understand the various implications of design and 
operational decisions. Further expansion of system, 
subsystem, and component requirements are necessary to 
the completeness of the COM system model.  
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